Vacuoles of radish (Raphanus sativus) contained a Ca 2＋ -binding protein (RVCaB) of 43 kDa. We investigated the Ca 2＋ -binding properties of the protein.
Ca
2+ is a common second messenger coupling for many signal transduction pathways. 1) External and internal stimuli, including light, mineral nutrients, temperature, and hormones, cause a transient increase in the cytosolic free Ca 2+ concentration in plant cells. Because of the multiple eŠects of Ca 2+ , the cytosolic free Ca 2+ concentration must be maintained by plants at submicromolar concentrations. [1] [2] [3] The concentration is kept low by active transporters of Ca 2+ on membranes and by the Ca 2+ -storage function of organelles. Several Ca 2+ -buŠering proteins in the cytosol and lumen of intracellular storage compartments also are involved in intracellular Ca 2+ homeostasis. 2, 4) In plant cells, two active Ca 2+ transporters, the Ca 2+ pump and the Ca 2+ W H + antiporter, found in the plasma, vacuoles, and the membranes of the endoplasmic reticulum are important in the regulation of the cytosolic free Ca 2+ concentration. 2, 3, 5) Ca 2+ -binding proteins (CaBPs) in Ca 2+ -storage organelles lower this concentration via sequestration of Ca 2+ ions into the organelle.
We recently found a CaBP, RVCaB, that is located in vacuoles of radish taproots. 6) RVCaB consists of 248 amino acid residues and contains a hithertounreported repetitive acidic motif. RVCaB is distinct from other types of CaBPs such as annexin, 7) EFhand proteins, 8) and calreticulins 9, 10) The expression of an RVCaB gene in radish seedlings is increased by removal of Ca 2+ from the growth medium and is suppressed when the Ca 2+ concentration is high. 12) Theseˆndings suggest that RVCaB in living cells sequesters Ca 2+ . Radish RVCaB may be a CaBP with a high binding capacity and a low a‹nity for Ca 2+ . However, details about the Ca 2+ -binding of RVCaB and the distribution of RVCaB-orthologous proteins among other plant species have not been reported. Here, we investigated the a‹nity and the binding number of calcium ions of RVCaB in an evaluation of its physiological function in the cell.
Materials and Methods
Expression of RVCaB in E. coli and protein puriˆ-cation. To produce a recombinant protein in E. coli, cDNA of the radish RVCaB was ligated into the EcoRI W Not I site of a pET23(b) expression vector (Novagen). In this experiment, DNA for RVCaB without a His-tag or the like was used to rule out any eŠect of the tag on the Ca 2+ -binding properties of the recombinant protein. The recombinant plasmid was introduced into E. coli BL21(DE3) (Novagen), and production of the recombinant protein was brought about by the addition of isopropyl thio-b-D-galacto-side (IPTG) at aˆnal concentration of 1 mM to the culture medium at 379 C.
E. coli cells expressing RVCaB were treated by sonic oscillation at 50 kHz at 49 C and centrifuged at 5,000×g for 10 min. The clear supernatant was dialyzed against 10 mM Tris-HCl buŠer, pH 7.5, for 16 h. The dialyzed solution was put on a column (gel volume, 15 ml) of QAE-Toyopearl (Tosoh, Tokyo) equilibrated with the same buŠer. The column was washedˆrst with 50 ml of 10 Tris-HCl, pH 7.5 and 200 mM KCl and then with 10 ml of 10 mM Tris-HCl, pH 7.5, containing 300 mM KCl. RVCaB was eluted from the column with 10 mM Tris-HCl, pH 7.5, containing 350 mM KCl. The amount of RVCaB in the fraction was estimated from the proˆle of SDS-PAGE and``Stains-all'' staining. The fractions corresponding to the peak were collected andˆltered through a nitrocellulose membrane with a pore size of 0.45 mm. In this step, RVCaB passed through the membrane and some other proteins were trapped on the membrane. The pass-through fraction was put on a gel-ˆltration column (1.0×30 cm) of Superdex 200 HR (Amersham Biosciences) equilibrated with 25 mM MES-KOH, pH 6.0, containing 150 mM KCl. The buŠer of the puriˆed preparation was replaced with 25 mM MES-KOH, pH 6.0, by using an Ultrafree-MC (Amicon).
In some experiments, RVCaB was puriˆed from radish taproots as described previously.
6)
Ca 2+ binding to puriˆed RVCaB. The Ca 2+ -binding properties of RVCaB were measured by equilibrium dialysis. Proteins (20 ml; 40 mg of protein) of the puriˆed recombinant RVCaB were put into wells of small dialysis buttons (Hampton Research) and then dialyzed for 16 h at 259 C against 40 ml of a solution of 25 mM MES-KOH, pH 6.0, containing 150 mM KCl and 0.15 MBq of 45 Ca 2+ (37 GBq W mmol, Amersham Biosciences) as CaCl2 at various concentrations. In some experiments, MgCl 2 or KCl was added to the Ca 2+ -binding buŠer to various concentrations. After dialysis, the RVCaB solution in the well of each dialysis button was collected with a needle and syringe. Portions (10 ml) of the collected solutions were spotted on a nitrocellulose membrane (13 mm in diameter) and then the membranes were dried in the air. The total radioactivity associated with theˆlter membrane was measured with a liquid scintillation counter. Unbound Ca 2+ was measured from the radioactivity of the external solution.
45 Ca-overlay assay, PAGE, and staining. The 45 Caoverlay assay, SDS-PAGE, and staining of the gel with``Stains-all'' were done as described previously. 6) The 45 Ca-overlay assay was done by the method of Maruyama et al. 13) with PVDF membranes. SDS-PAGE in 12z gel was done by the standard method.`S tains-all'' Results
Expression and puriˆcation of recombinant RVCaB
A large amount of RVCaB was produced in E. coli in the presence of IPTG, which could be detected in the gel stained with``Stains-all'' ( Fig. 1(A) ). The recombinant RVCaB, which was stained blue with`S tains-all'', was recovered in the soluble fraction of the cell lysate but not in the membrane or the inclusion body ( Fig. 1(A) ). The puriˆed RVCaB gave a single protein band of 43 kDa on SDS-PAGE and was stained blue with``Stains-all'' ( Fig. 1(B) ). We concluded that the puriˆed preparation was suitable for examination of the Ca 2+ -binding properties of RVCaB. The recombinant protein could be puriˆed from the E. coli cell extract at a yield of a few milligrams per liter of culture medium.
45

Ca
2+ overlay assay The ability of the recombinant RVCaB to bind Ca 2+ was tested by 45 Ca 2+ overlay assay on the PVDF membrane. Some RVCaB was retained on the PVDF membrane, but not on the nitrocellulose membrane, as found previously.
6) The puriˆed RVCaB prepared from E. coli and that from radish taproots bound 45 Ca 2+ (Fig. 2) , so the recombinant RVCaB could bind Ca 2+ . The signal was more intense with more blotted RVCaB. Bovine immunoglobulin G was put on the same membrane as a negative control. It gave no signal.
2+ -binding properties of RVCaB Several assay methods can be used to measure the Ca 2+ -binding kinetics of CaBPs: for example, there are equilibrium dialysis, 15) ‰ow dialysis, 16) membrane microassay, 17) and spectrophotometry, 18) used in studies of CaBPs. We could not use these methods, because only a small amount of the puriˆed preparation could be obtained from radish taproots, and little RVCaB was retained on nitrocellulose membranes. Therefore, we used small dialysis buttons (Fig. 3(A) ), of the kind usually used for protein crystallization. This method enabled us to do small-scale studies because the well of the dialysis button holds only 20 ml. In this system, 45 Ca 2+ ions in the dialysis solution enter the well of the dialysis button through a dialysis membrane and bind to RVCaB in the well. After . The assay medium was adjusted to pH 6.0. The ionic strength and pH were consistent the physiological conditions.
The amount of Ca 2+ bound to RVCaB increased in proportion to the concentration of Ca 2+ (Fig. 3(B) ). RVCaB was not saturated with Ca 2+ even at 1.0 mM, indicating a low a‹nity for Ca 2+ . From a Scatchard plot (Fig. 3(C) ), the number of Ca 2+ ions bound to RVCaB was estimated to be 19 per molecule and the dissociation constant, Kd, for Ca 2+ was 3.4 mM.
The total amount of bound Ca 2+ increased in proportion to the amount of RVCaB (Fig. 4(A) ). Under the assay conditions, little Ca 2+ bound to bovine serum albumin, the negative control (Fig. 4(A) ). Figure 4( incorporated into radish vacuolar membrane vesicles including RVCaB.
6) The Kd of RVCaB for Ca 2+ and the number of binding sites, n, were diŠerent from those of calmodulin 18) and annexin II, 19) and similar to that of the recombinant C-domain (Ca 2+ -binding domain) of calreticulin 15) (Table 1) . RVCaB is comparable to calreticulin in the ER, which has a low a‹nity and a high capacity, 15) although the primary structure of RVCaB is diŠerent from that of calreticulin.
Both Mg 2+ and KCl aŠected the Ca 2+ -binding activity of RVCaB at high concentrations (Fig. 4) . Mg 2+ at 10 mM reduced the Ca 2+ -binding capacity to The numbers show the positions of the residues on both sides of the repeat sequence. Residues conserved in all four domains are indicated with asterisks. The full sequence of RVCaB is available in sequence data banks under accession number AB035900.
2+ conditions. 12) In that study, the Mg 2+ concentration aŠected neither the transcriptional nor translational level of RVCaB. From these earlier observations and those in this study, we concluded that RVCaB acts mainly as a Ca 2+ -buŠering protein in vivo.
There are several possible Ca
2+
-binding sites in RVCaB. RVCaB consists of 248 amino acid residues and has a calculated mass of 27.1 kDa.
6) The apparent molecular size on SDS-PAGE is 43 kDa. The low migration rate in SDS-PAGE may be due to the acidity of RVCaB (pI, 3.94). Glutamate residues (82 residues) were 33z of the amino acid residues in RVCaB. An unusual sequence 22-amino acid residues long, including eight Glu residues, was repeated a total of four times in the polypeptide (Fig. 5) . The repeat motifs may bind three or four Ca 2+ ions individually. In addition to the repeat motif, RVCaB contained several acidic regions in which there were Glu residues that may be involved in the Ca 2+ -binding activity. Judging from its low a‹nity for Ca 2+ , RVCaB may not be saturated with Ca 2+ under normal physiological conditions. However, RVCaB can absorb and store Ca 2+ in vacuoles, because the protein bound several Ca 2+ ions per molecule even at or near a Ca 2+ concentration of 1 mM (Fig. 3(B) ). This low a‹nity for Ca 2+ is essential if vacuoles are to supply Ca 2+ to the cytosol. RVCaB probably releases bound Ca 2+ ions through Ca 2+ channels when the free Ca 2+ concentration decreases in the vacuoles. If CaBPs in vacuoles had a high capacity and high a‹nity, vacuoles would not be able to release Ca 2+ into the cytosol.
RVCaB is weakly associated with the vacuolar membranes, as described previously, 6) and the membranes contain a number of essential transporters and channels. 21) Thus, RVCaB may have an additional function as a regulator of these transporters and channels in response to the Ca 2+ concentrations in the vacuolar lumen.
